Uniformly sized molecularly imprinted polymers, which can recognize bisphenol A (BPA), have been prepared by a multi-step swelling and polymerization method using BPA or a structurally related analogue of BPA [p-t-octylphenol (OP) or p-t-butylphenol (BP)] as the template molecule, 4-vinylpyridine as the functional monomer, and ethylene glycol dimethacrylate as the cross-linker. The BP-imprinted polymer showed higher molecular recognition ability for BPA than the OP-imprinted polymer. The BPA-and BP-imprinted polymers were applied for the assay of a trace amount of BPA in river water using column-switching HPLC with fluorescence detection: A BPA-imprinted polymer was used for removal of BPA from the pretreatment eluent as the trap column, and a BP-imprinted polymer was used for selective pretreatment and enrichment of BPA in river water as the pretreatment column. The calibration graph, constructed from peak area data plotted versus BPA concentration, was linear with a correlation coefficient of >0.999 in the concentration ranges of 25 -1000 ppt. The limit of quantitation was 25 ppt with a 5-ml injection. The column-switching HPLC system was successfully applied for the assay of BPA in river water.
Introduction
Molecularly imprinted polymers (MIPs) have been used for selective recognition of a target molecule as chromatographic media, sensors and artificial antibodies. [1] [2] [3] Among those, molecularly imprinted solid-phase extractions (MI-SPEs) are useful techniques for selective pretreatment and enrichment of analytes in complex matrixes. 4 However, leakage of a trace amount of the imprint molecule remaining in the MIP prevented the accurate and precise assays of the target analytes. This problem has been overcome by imprinting a structurally related analogue and combining with chromatographic separations. [5] [6] [7] [8] Previously, MI-SPEs were carried out by an off-line mode. Recently, on-line MI-SPEs have been developed. [9] [10] [11] [12] [13] We prepared a restricted access media-MIP for naproxen and applied it to on-line MI-SPEs of ibuprofen in biological fluids. 14 Many chemicals released into the environment disrupt the endocrine system in wildlife and humans. 15 Bisphenol A (BPA) with a weak estrogenic activity is widely distributed in environmental fields and biological matrices. Many HPLC methods with UV, 16 fluorescence 17, 18 and electrochemical [19] [20] [21] detection, and with mass spectrometry, [21] [22] [23] have been reported for the assay of BPA in environmental and biological samples. However, most of these methods need tedious procedures such as fluorescence derivatization of BPA and off-line SPE of BPA.
In addition, direct determinations of BPA in river water by column-switching HPLC with fluorescence detection 18 and mass spectrometry 23 have been developed. However, the pretreatment and enrichment columns used for those methods had low selectivity for BPA. In the former method, there was overlapping of BPA and an unknown component in river water, while in the latter the lower limit of quantitation was too high to determine BPA concentrations in river water. There was no report about the application of the MIP for BPA to the assay of BPA. Therefore, we tried to develop selective MIPs for BPA, and to apply them to selective pretreatment and enrichment of a trace amount of BPA in environmental and biological samples.
In a previous study, 24 we have reported preparation methods of MIPs for BPA using ethylene glycol dimethacrylate (EDMA) as the cross-linker and methacrylic acid, 2-diethylaminoethyl methacrylate or 4-vinylpyridine (4-VPY) as the functional monomer or without use of a functional monomer. We have evaluated the retention and recognition properties of BPA and other structurally related compounds on the MIP using a mixture of phosphate buffer (or water) and acetonitrile or only acetonitrile as the eluent. Furthermore, the retention and recognition mechanisms of BPA on the MIP were discussed. Among the MIPs prepared, 4-VPY-co-EDMA polymers have showed the highest retentivity and selectivity for BPA. In this study, we prepared MIPs, which can recognize BPA, by a multistep swelling and polymerization method, using BPA or a structurally related analogue of BPA [p-t-octylphenol (OP) or pt-butylphenol (BP)] as the template molecule, 4-VPY as the functional monomer, and EDMA as the cross-linker. In addition, a column-switching HPLC system using BPA-and BP-imprinted polymers is applied to selective pretreatment and enrichment of a trace amount of BPA in river waters in Japan.
Experimental

Reagents and chemicals
EDMA was purchased from Tokyo Chemical Industry (Tokyo, Japan). 4-VPY was purchased from Wako Pure Chemical Industry (Osaka, Japan). These monomers were purified by general distillation techniques in vacuo to remove the polymerization inhibitor. 2,2′-Azobis(2,4-dimethylvaleronitrile) and OP were purchased from Wako Pure Chemical Industry (Osaka, Japan). BPA and BP were purchased from Nacalai Tesque (Kyoto, Japan). The structures of the phenolic compounds, BPA, OP and BP, used in this study are illustrated in Fig. 1 . Other reagents and solvents were used without further purification.
Water purified with a Nanopure II unit (Barnstead, Boston, MA, USA) was used to prepare eluents and sample solutions.
Preparation of uniformly sized MIPs
Preparation of uniformly sized, macroporous, MIPs as well as non-imprinted polymers by a multi-step swelling and polymerization method was carried out as reported previously.
24,25 Table 1 shows the molar amounts of template molecule, functional monomer and cross-linker used for the preparation of MIPs in this study. The obtained polymers were packed into a stainless-steel column (4.6 mm i.d. × 100 mm or 4.0 mm i.d. × 10 mm) by a slurry packing technique using methanol-2-propanol (2:1, v/v) as the slurry solvent and methanol as the packing solvent to evaluate their chromatographic characteristics.
Evaluation of MIPs
The HPLC system used was composed of a PU-980 pump, a UV-970 spectrophotometer (both from Jasco, Tokyo, Japan), a Rheodyne 7125 injector with a 20-µl loop (Rheodyne, Cotati, CA, USA), and a C-R6A integrator (Shimadzu, Kyoto, Japan). The flow rate was maintained at 1.0 ml/min. Detection was performed at 210 nm. All separations were carried out at 25˚C using a water bath (Thermo Minder Lt-100, Taitec, Saitama, Japan). The eluent used was sodium dihydrogen phosphate and disodium hydrogen phosphate (pH 5.1; 20 mM)-acetonitrile (1:1, v/v).
The retention factor was calculated from the equation
, where tR and t0 are the retention times of retained and unretained solutes, respectively. The retention time of unretained solute, t0, was measured by injecting the solution whose organic modifier content was slightly different from that of the eluent. The selectivity factor was calculated from the equation S = kimprinted/knon-imprinted, where kimprinted and knon-imprinted are the retention factors of a solute on the molecularly imprinted and non-imprinted polymers, respectively. The selectivity factor was used to evaluate molecular recognition ability of MIPs for BPA, OP and BP.
Pretreatment and analysis conditions for the assay of BPA in river water
The column-switching HPLC system used was composed of two LC-10ADVP pumps, an RF-10AXL fluorescence detector, an FCV-12AH six-port switching valve, a CTO-10ASVP column oven and a C-R6A integrator, all of which were controlled by an SLC-10AVP controller (all from Shimadzu, Kyoto, Japan). A Rheodyne 7125 injector with a 5-ml loop was used for injecting sample solutions. A schematic diagram of the column-switching HPLC system used is illustrated in Fig. 2 . A pretreatment column packed with MIP 5 (4.0 mm i.d. × 10 mm) was equilibrated with a pretreatment eluent [CH3OH-H2O = 10:90 (v/v)], and a 5-ml river water sample was loaded. The pretreatment column was washed for 10 min with a pretreatment eluent at a flow rate of 1.0 ml/min (pretreatment and enrichment step in Fig. 2 ). Then BPA retained on the pretreatment column was transferred to an analytical column (Cosmosil 5C18-MS, 4.6 mm i.d. × 150 mm, Nacalai Tesque, Kyoto) in the back-flush mode using an analytical eluent [CH3OH-H2O = 45:55 (v/v)] at the flow rate of 1.0 ml/min (separation step in Fig. 2) . BPA was separated on the analytical column with the analytical eluent. Excitation wavelength was set at 225 nm and emission wavelength at 310 nm. The pretreatment and analytical columns were operated at 40˚C using a water bath (Thermo Minder Lt-100, Taitec, Saitama, Japan). A trap column packed with MIP 2 (4.6 mm i.d. × 30 mm) between pump 1 and sample injector was installed to remove BPA in the pretreatment eluent.
Method validation and application to the assay of BPA in river water
The intra-and inter-day accuracy and precision data were obtained with the assay of river A (Muko River, Nishinomiya, Hyogo, Japan) water samples spiked with BPA (100 ppt and 1000 ppt) over five and three replicates, respectively. The calibration graph was prepared at BPA concentrations from 25 -1000 ppt using river A water. River B water sample was collected from Yodo River (Osaka, Japan). 
Results and Discussion
Preparation and evaluation of MIPs
We prepared the MIPs for BPA, OP and BP using 4-VPY as the functional monomer, since phenolic groups of these compounds could interact with pyridyl groups of 4-VPY-co-EDMA polymers in hydro-organic eluents. 24 Table 2 shows the retention factors and selectivity factors of BPA, OP and BP on the respective MIPs. The differences in the selectivity factors between BPA and OP or BP on the respective MIPs were ascribable to differences in the number of interaction sites. It is plausible that the phenol groups of BPA could interact with two pyridyl groups of the MIP by hydrogen bonding interactions, while there is only one such site for OP or BP. 24 Though MIPs 1 and 2 showed excellent molecular recognition ability for BPA, they could not be used for the assays of BPA because of leakage of a template molecule from them. We examined the molecular recognition abilities of the MIPs for the structurally related analogues, OP and BP (MIPs 3 and 4, respectively), for BPA. MIP 3 showed higher molecular recognition ability for OP than for BPA, while MIP 4 gave almost the same molecular recognition ability for BP as that for BPA. Furthermore, the selectivity factor for BPA on the MIP 4 was higher than that on MIP 3. Therefore, we used the BP-imprinted polymers for pretreatment and enrichment of BPA.
The molecular recognition ability for BPA was increased by increasing the molar amount of BP as the template molecule. In the following experiments, we used MIP 5 for selective pretreatment and enrichment of a trace amount of BPA in river water.
Pretreatment and enrichment of BPA in river water
If an eluent for the pretreatment and enrichment of BPA was contaminated with BPA, it would cause a positive error. Therefore, for removal of BPA in the pretreatment eluent, a trap column was installed between a pump and a sample injector. We used MIP 2 as the trap column. As shown in Fig. 3 , BPA was not detected with the trap column, but was detected without it. However, the interactions of MIP 2 and BPA in hydroorganic mobile phases are mainly hydrophobic and hydrogen bonding interactions. We are unable to flush the pretereatment column for a long time with an eluent whose organic modifier content is high, because of the elution of BPA. When we used CH3OH-H2O = 10:90 (v/v) as the pretreatment eluent, leakage of BPA did not occur after continuous use of the trap column for two days. After being washed with 90% acetonitrile, the trap column was reused. We used MIPs 2 and 5 for the assay of BPA in river water as the trap and pretreatment columns, as shown in Fig. 2 . Figure 4 and 5B show chromatograms of river A water and river A water spiked with BPA, respectively, using the column-switching HPLC system. BPA was completely separated from the components in river water. Table 3 shows the intra-and inter-day accuracy and precision data for the assay of BPA in river water. As shown in Table 3 , the assays of BPA were highly accurate and reproducible. The calibration graph, constructed from peak area versus BPA concentration, was linear with a correlation coefficient of >0.999 in the concentration ranges of 25 -1000 ppt; the equation was y = 938.9x + 76121, where x is concentration of BPA and y is peak area. BPA concentration in river A water was determined to be 81 ppt by the intercept with x-axis in the calibration graph. The limit of quantitation was 25 ppt with a 5-ml injection. The recoveries of 100 and 1000 ppt of BPA from river water were 96.4% and 99.3%, respectively. The optimized method was applied to the assay of BPA in river B water, as shown in Fig. 5C . BPA concentration in river B water was determined to be 111 ppt.
Method validation and application to the assay of BPA in river water
Conclusions
We prepared MIPs that can recognize BPA, using BPA, OP and BP as the template molecule, 4-VPY as the functional monomer and EDMA as the cross-linker by a multi-step swelling and polymerization method. The BP-imprinted polymer showed higher molecular recognition ability for BPA than the OPimprinted polymer. The BPA-imprinted polymer was used as the trap column for removal of BPA from the pretreatment eluent, and the BP-imprinted polymer was used for selective pretreatment and enrichment of BPA in river water. The optimized column-switching HPLC system was successfully applied for the assay of BPA without interference from the components in river water. The method will be applicable for the assay of BPA in biological samples after minor modification.
Such studies are now on-going in our laboratories. Table 3 Intra-and inter-day accuracy and precision data for the assay of BPA in river water Chromatograms of river A water (A), river A water spiked with BPA (B) and river B water (C) using a column-switching HPLC system. Column-switching HPLC condition as in Fig. 4 .
